We determine the reflection polarity and exploit variations in P and S wave reflectivity and P wave amplitude versus offset (AVO) to constrain the origin of lower crustal reflectivity observed on new three-component seismic data recorded across the structural transition of the Colorado Plateau. The near vertical incidence reflection data were collected by Stanford University in 1989 as part of the U.S. Geological Survey Pacific to Arizona Crustal Experiment that traversed the Arizona Transition Zone of the Colorado Plateau. The results of independent waveform modeling methods are consistent with much of the lower crustal reflectivity resulting from thin, high-impedance layers. The reflection polarity of the cleanest lower crustal events is positive, which implies that these reflections result from high-velocity contrasts, and the waveform character indicates that the reflectors are probably layers less than or approximately equal to 200 m thick. The lower crustal events are generally less reflective to incident S waves than to P waves, which agrees with the predicted behavior of high-velocity mafic layering. Analysis of the P wave AVO character of lower crustal reflections demonstrates that the events maintain a constant amplitude with offset, which is most consistent with a mafic-layering model. One exception is a high-amplitude (10 dB above background) event near the base of lower crustal reflectivity which abruptly decreases in amplitude at increasing offsets. The event has a pronounced S wave response, which along with its negative AVO trend is a possible indication of the presence of fluids in the lower crust. The Arizona Transition Zone is an active but weakly extended province, which causes us to discard models of lower crustal layering resulting from shearing because of the high degree of strain required to create such layers. Instead, we favor horizontal basaltic intrusions as the primary origin of high-impedance reflectors based on (1) The fact that most xenoliths in eruptive basalts of the Transition Zone are of mafic igneous composition, (2) indications that a pulse of magmatic activity crossed the Transition Zone in the late Tertiary period, and (3) the high regional heat flow observed in the Transition Zone. The apparent presence of fluids near the base of the reflective zone may indicate a partially molten intrusion. We present a mechanism by which magma can be trapped and be induced to intrude horizontally at rheologic contrasts in extending crust.
INTRODUCTION

Laminated reflectivity in the lower
. Such reflectivity can be successfully reproduced on synthetic sections based on any of the above models, and discontinuous reflectivity can be reproduced from randomscattering models [Levander and Gibson, 1991] . In this paper we estimate the polarity of lower crustal events on One way to resolve in part the origin of laminated lower crustal reflectivity is to determine the reflection polarity of the events. For example, knowledge of the reflection polarity can help distinguish between low-impedance layers like shear zones or partial melts and high-impedance mafic layers, which will have opposite polarities. However, polarity determination of reflections from a deeply penetrating seismic signal is difficult because the signal is heavily filtered by the Earth, and the frequency bandwidth is typically showing the reflective character of the vertical incidence data. The reflective lower crust begins at about 6 s two-way travel time (twtt) and decreases gradually until about 12-13 s twtt at the Moho. Window (A) is the zone investigated for reflection polarity, P and S wave reflectivity, and P wave amplitude versus offset. The upper crust is seismically transparent with the exception of some events from the Bagdad reflection sequence (window B is shown in close-up in Figure 3 ). The crust is about 39 km thick at the edge of the Colorado Plateau, and the Moho is picked at the depth where reflectivity dies out. The data were corrected for spherical divergence and normal move-out and were band-pass filtered. The location of the shot point is at kilometer 23.
reduced to a small fraction of the initial source bandwidth.
The observed vertical incidence seismogram x(t) may be thought of as a series of convolutions x(t) = s(t) * eel(t) * r(t) * e,(t) * a(t), where s(t) is the seismic source, ca(t) and e,(t) represent filtering by the Earth for the downgoing and upgoing paths, r(t) is the reflector response, a(t) is the response of the recording array, and t is time. The goal of polarity determination is to isolate the reflector response r(t) from the observed seismogram x(t), which requires accurate estimation of the source wavelet. If the signal-to-noise ratio of the reflection data is high, and if surface conditions are relatively homogeneous, the direct arrival is a good approximation of the source waveform [Hill, 1974] explosive source (shot 32 in Figure 1 ), detonated and recorded on crystalline granitic rocks, to estimate the seismic source character s(t). By calibrating with a reflection from a known velocity contrast, we can determine if the direct arrival is a good approximation of the source, as well as determine if the recording array a(t) has had an effect on the phase of the waveform. Since the Bagdad reflections are known to have positive polarity [Goodwin et al., 1989; Litak et al., 1991] , we utilize these reflections as a benchmark to assure that the direct arrival employed is a valid representation of the source wavelet. Elastic finite-difference models of the reflection data (J. M. Howie et al., manuscript in preparation, 1992) that estimate the random scattering and reflective properties of the Transition Zone crust show no phase alteration of the propagating signal through the models. This observation implies that while the filtering effect by the Earth e(t) reduces the bandwidth of the data, it does not significantly alter the phase. We employ the extracted source signature from the direct arrival to create synthetic seismograms with the reflectivity method of Fuchs [1968] and to deconvolve the data and synthetics for comparison purposes. The deconvolved events that are resolvable in the lower crust match best with deconvolved synthetic reflections generated from thin (less than 200 m thick), high-velocity layers of positive reflection polarity. As will be shown, this result is consistent with a comparison of P and S wave reflectivity and with the observed P wave reflection amplitude versus offset. Our findings are most consistent with laminated lower crustal events resulting from thin, high-velocity layers in the lower crust, probably horizontal magmatic intrusions. from a higher reflection coefficient than the P wave coefficient, when the greater S wave attenuation is taken into consideration, which could indicate the presence of fluids. The P wave amplitude of the 9.5-s reflection at 10 dB is comparable to relative amplitudes reported for the Death Valley, Socorro, Surrency (8.5-10 dB) , and Buena Vista (17 dB) [Jarchow, 1991] bright spots. The Death Valley, Socorro, and Buena Vista bright spots are interpreted as magma bodies. The 9.5 s twtt P wave reflection is multicyclic, and attempts to deconvolve the reflection for polarity were not conclusive. Many compositional-layer models might be developed to satisfy the relative P and S wave amplitude observations, so we employ the comparison primarily as a means to confirm other independent observations.
P WAVE AMPLITUDE VERSUS OFFSET
In an attempt to further constrain the origins of the lower crustal reflectivity beneath the Colorado Plateau margin, we modeled the behavior of two simple end-member causes for lower crustal reflectivity with increasing shot-receiver offset: fluid-filled shear zones or partial melts, and mafic layers of intrusive or metamorphic origin. Because the Stanford array recorded large explosive sources spaced at 5-to 10-km intervals, a continuous range of shot-receiver offsets for the same midpoints was not available. A semicontinuous range of incidence angles from about 10 ø to 40 ø was recorded from four explosive sources; the midpoints from these four shots correspond to the zone investigated for polarity and ? and $ wave reflectivity. The shots were of different sizes and were fired in different surface rock types ranging from granite and limestone to unconsolidated alluvium (Figure 1) . Without uniform sources, reliable determination of reflector composition was not possible; however, the predicted behavior of the two end-member models as a function of offset can be noted. The fluid model predicts a steady decrease of reflection amplitude toward zero at about a 40 ø angle of incidence, while the mafic layer model predicts that the reflection amplitudes will decline more gradually and will begin to increase between 30 ø and 40 ø of incidence angle (Figure 12 ). The models are a simulation of reflected ? wave energy impinging on the top of the reflective lower crust at 7 s twtt, and the amplitude curves for thin layers are generated for a central frequency of 16 Hz with the reflectivity code of Fuchs [1968] Amplitude decay curves corrected for normal move-out show that the top of the lower crust is reflective throughout the offset range investigated, which is more consistent with the high-velocity mafic layer model than with the fluid-filled shear zone or partial melt model (Figure 13 ). While the absolute reflection amplitudes are perhaps not meaningful because of differing source conditions, the reflection event from the top of the lower crust is distinct on all the amplitude decay curves and stands out well above the noise level. The event is discernible on true amplitude data windows (Plate 1) and does not appear to fade with offset, as would be the case if the reflectors were fluid zones. In contrast, the reflection at 9.5 s twtt has high amplitude (10 dB) through 13 ø (corrected for greater depth) of incidence angle (shot point (SP) 32), but disappears at larger offsets of 28 ø (SP 62) and 38 ø (SP 56) of incidence angle (Figure 13, Plate 1) . The abrupt reflection amplitude decrease of the 9.5-s event is consistent with the fluid model, as is the S wave response of the event. The indication from seismic modeling is that much of the lower crustal reflectivity is the result of high-velocity layers but that the 9.5-s event is of much different character and probably is the result of a fluid-saturated or partial melt zone. The data were not corrected for normal move-out but were corrected for spherical divergence, and a band-pass filter was applied (16-35 Hz, P wave; 2-12 Hz, S wave). The S wave time scale was compressed assuming a Poisson's ratio of 0.25 to enable a direct comparison of reflection events from the P to S wave sections. The S wave reflections have in general lower amplitude than the P wave section, and the S wave events tend to be less horizontally continuous. Reduced S wave reflectivity might be attributed to greater seismic attenuation and anisotropy effects, but the S wave event at 16 s two-way travel time (twtt) is nearly equal in amplitude (10 dB with respect to the background) to the corresponding P wave event at 9.5 s twtt as shown by the amplitude decay curves, implying that there was good S wave energy penetration. We attribute the reduced S wave reflectivity primarily to lower relative S wave reflection impedance, such as high-velocity lithologic contrasts associated with horizontal diabase intrusions. The bright S wave event at 16 s twtt is nearly unique in this data set and probably results from a greater relative impedance contrast than the corresponding P wave reflection. A stronger S wave impedance contrast is a possible indication of the presence of fluids.
TECTONIC SIGNIFICANCE OF THIN, HIGH-VELOCITY LAYERING IN THE LOWER CRUST
The results of reflection polarity, P and S wave reflectivity, and P In order for strain-induced lithologic layers or strongly mylonitic zones to be created, the crust must be subjected to an extreme degree of tectonic strain [e.g., Warner, 1990] , probably much beyond the minor extension undergone in the Transition Zone. Conversely, in order for horizontal magmatic intrusions to be emplaced, the degree of extension need only be large enough for vertical magma conduits to form, which is possible even in weakly extended terranes.
The most commonly observed xenoliths in eruptive basalts of the Transition Zone are mafic igneous rocks that were originally intruded into a zone spanning 10 km above and below the Moho [Wilshire, 1990] . There has been a northeastward progression of late Cenozoic volcanic activity [Fuchs, 1968] were used to predict the AVO trend of thin layers and a simple velocity step and were held to the same frequency range as the lower crustal data (16-Hz central frequency). The step response was also calculated using the Zoeppritz equations and compares well to the step model generated with the reflectivity method. The difficulty with the ponding explanation is that it requires the melt to be able to penetrate the pores of the host rock or the host rock to behave as a fluid in order for the melt to interflow sufficiently to sense the host rock density. Both shallowly and deeply intruded mafic dikes tend to have chilled margins, implying that the melt is unable to penetrate the host rock pores, and over the rapid intrusion duration even ductile lower crustal rocks will act elastically [Rubin, 1990] 2. P and S wave reflectivity and P wave amplitude versus offset observations are more consistent with the investigated reflections resulting from mafic, high-velocity layers rather than fluid-filled shear zones or partial melts. One exception is a bright reflection at the base of lower crustal reflectivity which has a pronounced S wave response and demonstrates an abrupt decrease of P wave amplitude with offset, which is suggestive that the reflector may be a fluid-saturated shear zone or a partial melt. 3. The Transition Zone is a weakly extended province, and the magnitude of lower crustal shearing is expected to be minor compared with highly extended terranes. Because strain-induced juxtaposition of contrasting lithologies requires a significant degree of shearing, which is not supported by crustal thickness or geologic field mapping, we instead favor horizontal intrusion of basaltic magma as a mechanism to account for the thin, high-velocity layers. The most commonly observed xenoliths from the lower crust and upper mantle of the Transition Zone are of mafic igneous origin, which supports the suggestion that lower crustal reflectivity is the result of igneous intrusion. A pulse of magmatism crossed the Transition Zone into the Colorado Plateau during the late Tertiary period and was probably the source of intruded lower crustal mafic rocks.
4. Multiple, rapidly intruding overpressured dikes are capable of overinflating the crust locally, creating a stress regime more favorable for the intrusion of horizontal magmatic sheets. The imposed stress from dikes is magnified in rheologically weak zones because such zones develop less deviatoric stress, and subsequent magmatic intrusions are thus most likely to be trapped at rheological contrasts. The lower crustal reflectors of the Transition Zone reside in a zone of anomalously low Poisson's ratio, which could be an indication of weak, quartz-rich rheology. Magmatism may
